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Abstract
We constrain the average density profile of the proton and the amount of event-by-event fluctuations by simulta-
neously calculating the coherent and incoherent exclusive diffractive vector meson production cross section in deep
inelastic scattering. Working within the Color Glass Condensate picture, we find that the gluonic density of the pro-
ton must have large geometric fluctuations in order to describe the experimentally measured large incoherent cross
section.
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1. Introduction
The proton is a quantum mechanical object, whose
average structure in terms of quark and gluon densi-
ties is accurately measured in deep inelastic scattering
experiments especially at HERA [1]. To get a more
detailed picture of the proton structure, one is funda-
mentally interested in the Wigner distribution [2] which
would provide access to both transverse momentum and
spatial distribution of the constituents. However, it is
not known how to measure such a distribution. In the
near future, the Electron ion Collider [3] will make it
possible to investigate the transverse momentum depen-
dent or generalized parton distribution functions (TMDs
and GPDs) where some of the degrees of freedom are
integrated out. In Refs. [4, 5] we showed how exclu-
sive diffractive vector meson production in deep inelas-
tic scattering can be used to add information about the
geometric structure fluctuations into this picture.
Revealing the details of the proton structure and the
QCD dynamics responsible for it is an interesting task
in itself. In addition, the interpretation of experimen-
tal measurements on proton-nucleus collisions requires
detailed information about the initial state of the colli-
sions. In particular, there are many collective phenom-
ena observed in pA collisions that have been tradition-
ally associated with hydrodynamical behavior of heavy
ion collisions (see e.g. Ref. [6] for a review). In order
to study if pA collisions can also be described hydrody-
namically, it is required to know the initial state geom-
etry (and its event by event fluctuations), as the initial
state geometry drives the collective phenomena in the
final state.
Diffractive vector meson production is a powerful
tool to access the geometric structure of the proton. In
such a process no color charge is exchanged with the
proton target, and the experimental signature is a large
rapidity gap between the produced vector meson and the
proton or proton remnants. In the Good-Walker picture,
the diffractive scattering is described in terms of states
that diagonalize the scattering matrix [7]. At high en-
ergy these states are the ones where a virtual photon
fluctuates into a quark-antiquark color dipole, which in-
teracts with a particular configuration of the target.
Averaging the cross section over different target con-
figurations at the level of the cross section gives the
total diffractive vector meson production cross section,
where no restrictions are imposed on the final state of
the proton. On the other hand, if the average is per-
formed at the level of the scattering amplitude, the state
of the target (the proton) is required to be the same be-
fore and after the interaction and the process is known
as coherent diffraction. Subtracting the coherent diffrac-
tive cross section from the total coherent cross sec-
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tion one obtains the cross section for the process where
the proton is required to break up after the interaction,
called incoherent diffraction. As the incoherent diffrac-
tive cross section then becomes a variance, it is sensitive
to fluctuations of the scattering amplitude. For more de-
tails, we refer the reader e.g. to Refs. [8, 9, 10].
At high energy, a convenient framework to describe
the scattering process is given by the Color Glass
Condensate (CGC) effective theory of QCD. Coherent
diffractive vector meson production measured by HERA
has been successfully described within the CGC frame-
work [11], as well as the fully inclusive DIS cross sec-
tion [12, 13, 14]. The framework has also been applied
to describe diffractive vector meson production off nu-
clei at an Electron Ion Collider [15] and to ultraperiph-
eral collisions [16].
2. Diffractive vector meson production in the CGC
framework
Diffractive vector meson production can be naturally
described in the Color Glass Condensate framework.
First, an incoming virtual photon splits to a quark-
antiquark dipole. This splitting is described by the light
cone QED wave function of the photon Ψ(Q2, rT , z).
Here, Q2 is the virtuality of the photon, rT the sepa-
ration between the quark and the antiquark and z the
longitudinal momentum fraction of the photon carried
by the quark. The dipole scatters off the target (in this
work proton) without exchanging a net color charge.
This scattering is given by the dipole cross section σpdip.
Finally, the vector meson is formed from the proton,
described in terms of the virtual photon wave function
ΨV (Q2, rT , z). In this work, the Boosted-Gaussian wave
function from Ref. [11] is used. The diffractive scatter-
ing amplitude reads [11]
Aγ
∗p→J/Ψp
T,L (xP,Q
2,∆) = i
∫
d2rT
∫
d2bT
∫
dz
4pi
×(Ψ∗ΨV )T,L(Q2, rT , z)e−i[bT−(1−z)rT ]·∆
dσpdip
d2bT
(bT , rT , xP).
(1)
Here bT is the impact parameter, xP the longitudinal
momentum fraction of the proton and the transverse mo-
mentum transfer is ∆. The dipole-proton scattering am-
plitude is obtained from the IPsat or IP-Glasma models
discussed in Sec. 3.
The coherent cross section is obtained by averaging
Eq. (2) over all the possible target proton configurations:
dσγ
∗p→J/Ψp
dt
=
1
16pi
∣∣∣〈Aγ∗p→J/Ψp(xP,Q2,∆)〉∣∣∣2 , (2)
with t ≈ −∆2. When the target breaks up, the incoherent
cross section is given by the variance of the scattering
amplitude:
dσγ
∗p→J/Ψp∗
dt
=
1
16pi
(〈∣∣∣Aγ∗p→J/Ψp(xP,Q2,∆)∣∣∣2〉
− ∣∣∣〈Aγ∗p→J/Ψp(xP,Q2,∆)〉∣∣∣2) . (3)
3. Dipole cross section
To describe the dipole-proton scattering we use two
different models. The first one is the IPsat model, where
the dipole-target cross section is written as
dσpdip
d2bT
(bT , rT , xP) = 2
[
1 − exp
(
−rT 2F(xP, rT )Tp(bT )
)]
.
(4)
Here Tp(bT ) is the proton spatial profile function which
is assumed to be Gaussian, Tp(bT ) = 12piBp e
−bT 2/(2Bp).
The function F is proportional to the DGLAP evolved
gluon distribution whose exact form can be found from
Ref. [14], where the free parameters are obtained by per-
forming a fit to HERA data.
The geometric fluctuations are included in this model
by assuming that the small-x gluons in the proton are
localized around the constituent quarks (or three hot
spots) at points bT,i. The positions of the constituent
quarks are sampled from a Gaussian distribution with
width Bqc. Then, the proton density profile is assumed
to be Gaussian around the centers of the constituent
quarks, and the width of these distributions is denoted
by Bq. The procedure amounts to the replacement
Tp(bT )→ 1Nq
∑Nq
i=1 Tq(bT − bT,i) in Eq. (4), with Nq = 3,
and Tq is the Gaussian of width Bq.
We also use the IP-Glasma framework that includes
local color charge fluctuations and has been success-
fully used to describe the initial state of the heavy ion
collisions. In this case the dipole-target cross section
is obtained by first relating the color charge density
locally to the saturation scale obtained from the IPsat
model. Then, one solves the classical Yang-Mills equa-
tions and obtains the Wilson lines V(xT ) at each trans-
verse point. The dipole-target cross section is then ob-
tained from the Wilson lines as
dσpdip
d2bT
(rT = xT −yT ,bT =
(xT + yT )/2, xP) = 2(1 − Tr [V(xT )V†(yT )]/Nc). The
geometric fluctuations are included by using an IPsat
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Figure 1: Coherent (thick lines) and incoherent(thin lines) diffractive
J/Ψ production at 〈W〉 = 75 GeV calculated with large (solid lines,
see Fig. 2) and more moderate (dashed) geometric fluctuations using
the IP-sat model. The results are compared with H1 data [18].
model with geometric fluctuations. For more details of
the IP-Glasma model, we refer the reader to Ref. [17].
4. Results
Let us first present results obtained by using the IP-
sat model. The coherent and incoherent cross sec-
tions at 〈W〉 = 75 GeV (corresponding to xP ∼ 10−3)
are shown in Fig. 1. A good agreement with the H1
data [18] is obtained when geometric fluctuations with
parameters Bqc = 3.3 GeV−2, Bq = 0.7 GeV−2 are in-
cluded. Example proton density profiles obtained from
this parametrization are shown in Fig. 2. In Fig. 1 the
cross sections are also calculated using a more smooth
proton parametrization, which does not change the good
agreement with the coherent cross section measure-
ments, but significantly underestimates the incoherent
cross section.
Similarly, the cross sections calculated using the IP-
Glasma model are shown in Fig. 3. In this case, we
show the results obtained without geometric fluctua-
tions which is labeled as Bp = 4.0 GeV−2. Unlike in
case of the IPsat model, one also obtains a nonzero in-
coherent cross section in that case because of the color
charge fluctuations. However, we see that the color
charge fluctuations alone are not enough to describe the
measured incoherent cross section. The geometric fluc-
tuations are then included by again finding parameters
Bqc and Bq that give a good description of the H1 data.
The amount of fluctuations in that case is demonstrated
by showing in Fig. 4 a few example configurations.
−1
0
1
y
[f
m
]
−1 0 1
x[fm]
−1
0
1
y
[f
m
]
−1 0 1
x[fm]
0.00
0.05
0.10
0.15
0.20
Figure 2: Example density profiles of the protons with large geometric
fluctuations. Parameters are Bq = 3.3 GeV−2 and Bqc = 0.7 GeV−2.
Finally we also include additional saturation scale
fluctuations for each constituent quark separately fol-
lowing Ref. [19], where it is shown that proton-proton
multiplicity fluctuations can be described within the IP-
Glasma framework if ln Q2s/〈Q2s〉 fluctuates according
to a Gaussian distribution whose width is σ ≈ 0.5. We
find that the saturation scale fluctuations mainly affect
the incoherent cross section at the smallest |t|, and that
for larger momentum transfer the dominant contribution
originates from the geometric fluctuations. This result is
expected based on Ref. [8].
5. Conclusions
We have shown how diffractive vector meson produc-
tion measured in deep inelastic scattering experiments
at HERA can be used to constrain the amount of event-
by-event fluctuations of the proton density. We find that
significant geometric fluctuations are needed in order to
obtain an incoherent cross section compatible with the
experimental data. The color charge fluctuations, on the
other hand, are found to have small effect on the inco-
herent cross section. Similarly, the effect of additional
saturation scale fluctuations on the incoherent cross sec-
tion is dominant only at small |t|. The inclusion of these
results into the initial state for hydrodynamical calcula-
tions of proton-nucleus collisions is currently underway.
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